To better understand the nature and internal structure of the exotic states discovered by many collaborations, more information on their electromagnetic properties and their strong and weak interactions with other hadrons is needed. The residue or current coupling constant of these states together with their mass are the main inputs in determinations of such properties. We perform QCD sum rules analyses on the hidden-charm pentaquark states with spin-parities J P = 3 2 ± and
I. INTRODUCTION
The recent experimental progresses resulted in the observation of exotic hadrons have placed this subject at the focus of interest. These hadrons have an internal structure that is more complex than those containing usualoruark contents. The existence of these types of hadrons is forbidden neither in the naive quark model that provides good description for the observed conventional hadrons nor in quantum chromodynamics (QCD), which describes the interactions among quarks and gluons. Starting from the observation of X(3872) in 2003 by Belle collaboration [1] many experiments have been designed to identify and measure the parameters of the non-conventional particles especially, the XYZ states. These experimental attempts have been accompanied by a lot of theoretical works on tetraquarks, pentaquarks, hybrids, glueballs, etc.
The first detailed theoretical analysis on the exotic states provided by Jaffe [2] was followed by a vast amount of theoretical studies that investigated the properties of these particles. Among these states are the pentaquarks for which the first claim of observation was in 2003 through the interaction γn → nK + K − [3] suggesting a possible quark content uudds (Θ + ) with strangeness S = +1. Even before this claim, there have been several works on the properties of pentaquarks (see for instance Ref. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ). Later, two other experiments also found some positive signatures [15, 16] . With the motivation provided by those results, there came another estimation on the anti-charmed analogue of Θ + having quark content uuddc called as Θ c . Its mass together with the mass of its b-partner Θ b were predicted as 2985 ± 50 MeV and 6398 ± 50 MeV, respectively [17] . The masses of Θ + , Θ c and Θ b states were also predicted in Ref. [18] . The masses and other properties of Θ + , Θ c and Θ b were then extensively examined via various methods (see for instance Refs. and references therein). In the mean time, the observation of the Θ c was announced later by H1 collaboration at HERA [51] . However, besides all these experiments having positive results and related theoretical studies, some experiments announced negative signals on the existence of those particles [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . All these controversial results have made the subject more intriguing from theoretical point of view since theoretical works might provide valuable insights into the experimental searches.
All those labor in the searches of exotic states finally resulted in success in experimental side. With the report of observation of Z c [63] in 2013, which might be an indication of the existence of pentaquark states, the pentaquark captured the attentions once more. However some experimental searches on pentaquarks still came into view with null results such as the result of ALICE Collaboration investigating φ(1869) pentaquark [64] and J-PARC E19 Collaboration searching for Θ + [65] state. On the other hand the theoretical studies indicated that the search on the pentaquark containing heavy quark constituents is still necessary [66] due to the effect of such a structure on the stability of the hadronic structures beyond the traditional hadrons [67] . In 2015 the observation of two pentaquark states, P − p decays. The reported masses were 4380±8±29 MeV and 4449.8 ± 1.7 ± 2.5 MeV with corresponding spins 3/2 and 5/2 and decay widths 205 ± 18 ± 86 MeV and 39 ± 5 ± 19 MeV, respectively [68] .
The observation of LHCb put these particles at the focus of intense theoretical works which aimed to explain the properties of these states. To give an explanation on their substructure different models were proposed. Their nature was examined using meson baryon molecular model [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] , diquark-triquark model [78] [79] [80] , diquark-diquark-antiquark model [78, [81] [82] [83] [84] [85] [86] and topo-logical soliton model [87] . They were also investigated taking into account the possibility of their being a kinematical effect or a real resonance state considering the triangle singularity mechanism [88] [89] [90] . In [91] , however, it is concluded that with the presently claimed experimental quantum numbers, the triangle singularity cannot be the answer for the peaks. One can find a review on the multiquark states including pentaquarks in Ref. [92] .
All these developments make it necessary to study pentaquarks more deeply to gain information on their nature and substructure. The theoretical investigations on their spectroscopic and electromagnetic properties together with their strong and weak decays may provide valuable insights for the future experimental searches. Moreover the comparison between new theoretical findings and existing experimental and theoretical results may lead to a better understanding on the nature of these particles as well as dynamics of the strong interaction. With this motivation, in this paper, we investigate the residue and mass of the hidden-charm pentaquark states with the spin-parities J P = The first step is to calculate the correlation function in terms of hadronic degrees of freedom containing the physical parameters of the states under consideration. This requires the insertion of a complete set of the hadronic states into Eq. (1) that is followed by an integration over x. This leads to
where m ± are the masses of the positive and negative parity particles. The dots appearing in the last equation represent the contributions coming from the higher states and continuum resonances. The matrix elements in Eq. (3) are parameterized in terms of the residues λ + and λ − as well as the corresponding spinors as
where the negative parity nature of the current under consideration has been imposed. Here we should remark that the J µ current couples not only to the spin-3/2
states, but also to the spin-1/2 states with both parities. We will choose appropriate structures to take into account only the particles with spin-3/2. The summation over the Rarita-Schwinger spinor is applied in the form
After the application of Borel transformation, the hadronic side gets its final form in terms of different structures,
where M 2 is the Borel parameter that should be fixed later. To avoid the unwanted contributions coming from the spin-1/2 states, we select the g µν and / pg µν structures after ordering of the Dirac matrices.
To get the QCD sum rules one needs also to calculate the same correlation function in QCD side in terms of quark-gluon degrees of freedom in deep Euclidean region using the operator product expansion (OPE). This requires the contraction of the heavy and light quark fields which leads to the result
where
and S ab c (x) appering in Eq. (7) are the propagators of the light u(d) and heavy c quarks, respectively. The explicit expression for light quark propagator has the following form:
and the heavy quark propagator is given as [96] 
where we used the short-hand notations
in which A = 1, 2, . . . , 8 and a, b = 1, 2, 3 are color indices and t A = λ A /2, with λ A being the Gell-Mann matrices.
The calculations in OPE side proceed by writing the correlation function in a dispersion integral form,
where ρ
(s) is the two-point spectral density, which is found via the imaginary part of the correlation function following the standard procedures. Here s 0 is the continuum threshold. The calculations are very lengthy. For details we refer the interested reader to e.g. Refs. [97, 98] . The explicit expression of the spectral density ρ (s), for instance for g µν structure, is given in the Appendix. We apply the Borel transformation, with the aim of suppressing the contributions of the higher states and continuum, to this side also to find the correlation function in its final form in the Borel scheme. Now, we match the coefficients of the structures g µν and / pg µν , from both the hadronic and OPE sides and apply a continuum subtraction supported by the quarkhadron duality assumption. This leads to the sum rules
including the masses and residues of the Note that Eq. (12) contains two sum rules with four unknowns: two masses m + and m − as well as two residues λ + and λ − . Hence, to find these four unknowns, we need two more equations, which are found by applying the derivatives with respect to 1 M 2 to both sides of the above sum rules. By simultaneous solving of the four resulted equations one can find the four unknowns in terms of QCD degrees of freedom as well as the continuum threshold and Borel mass parameter.
In this section we follow similar steps as the previous section. In this case the following two point correlation function is used:
where J µν (x) is the interpolating current having quantum numbers J P = 
where θ is a mixing angle and
In Ref. [75] it is found that the above current with the mixing angle θ = (−51±5)
• gives a result consistent with the experimental mass of P c (4450) state 1 . The hadronic side after integration over x is obtained as
with m ± being the masses of the 
The current J µν (x) also couples to the states with spin 3/2 and 1/2 with both parities. Again, we will choose 1 Our analyses show that the results do not depend on θ considerably. Hence, an optimization as advised in Ref. [99] does not work in this case.
the structures that only give contributions to the spin 5/2 particles. With the usage of the summation [85] ,
where g µν = g µν − pµpν p 2 , the correlation function gets the form 
+ . . . .
In order to obtain the QCD side of the correlation function, we contract the heavy and light quark fields using the Wick's theorem, which leads to
In this step we use the expressions of the heavy and light propagators and transform the calculations to the momentum space. By using the dispersion relation we find the imaginary part of the correlation function to extract the corresponding spectral density of By matching the coefficients of the selected structures from both sides we find the sum rules
where Π in the OPE side, respectively. The four unknowns m + and m − , λ + and λ − can be obtained using the above two sum rules and two extra sum rules obtained via applying the derivatives with respect to 1 M 2 to their both sides.
IV. NUMERICAL RESULTS
The QCD sum rules for the physical quantities under consideration contain some parameters such as quark, gluon and mixed condensates and mass of the c quark. We collect their values in Table I . We set the light quark masses, m u and m d to zero. In addition to the above parameters, there are two auxiliary parameters that should be fixed before going further, namely the continuum threshold s 0 and Borel parameter M 2 . We find their working windows such that the physical quantities under consideration be roughly independent of these parameters. To determine the working interval of the Borel parameter one needs to consider two criteria: convergence of the series of OPE and adequate suppression of the higher states and continuum . Consideration of these criteria in the analysis leads to the intervals
To determine the working regions of the continuum threshold, we impose the conditions of pole dominance and OPE convergence. This leads to the interval
for 3 2 states with both parities and the determination of mass and residue of the considered pentaquarks. The average values obtained from our calculations are presented in Table II . The errors in the given results arise due to the input parameters and also due to the uncertainties coming from the determination of the working windows of the auxiliary parameters s 0 and M 2 . Comparison of the results on the masses with the experimental data of LHCb Collaboration, i.e., + are also in a good agreement with the results of the theoretical works [75, 85] . Our predictions on the residues of the within the errors, are also comparable with the predictions of [85] , which applies diquark-diquark-antiquark type interpolating currents to calculate the mass and residue of the pentaquark states with J P = 3 2 − and
+ . Here we note that using the experimental data for the mass of − as well as our predictions on the residues may be verified via different approaches.
V. SUMMARY AND OUTLOOK
We performed QCD sum rules analyses to compute the mass and residue of the hidden-charm pentaquark states with J = ) states, respectively. Our results are also consistent with the predictions of the theoretical works [75, 85] on the masses. As we previously said Ref. [75] uses the same picture and method with the present work but has prediction only for the masses of the J P = 3 2
− and J P = 5 2 + states. However, Ref. [85] applies a different quark organization to predict also the masses of the J P = By the adopted currents in the present study, we also derived the values of the residues for the considered states with both parities. We got comparable results on the residues of J P = Ref. [85] within the errors. The residues can be used as the main inputs in the analyses of the electromagnetic properties and strong decays of the pentaquark states P + c (4380) and P + c (4450). Such analyses are needed and would be very important in determination of the internal structures, geometric shapes, charge distribution, multipole moments of these states and strong interactions inside them. In our future works we aim to analyze the strong, electromagnetic and weak decay channels of the pentaquark states considered in the present study to calculate the corresponding strong coupling constants as well as the widths of these states. Comparison of the theoretical results on many parameters of the pentaquarks with the present and future experimental data would help us better understand their quark organizations and will provide us with useful knowledge on the quantum chromodynamics of the exotic baryons.
In this appendix we present the results for the twopoint spectral densities obtained from QCD sum rules calculations. As examples, we only present those spectral densities corresponding to the structures g µν and 
